A suite of high-grade rocks including felsic gneiss, aluminous granulite, charnockite and calcsilicate granulite is exposed at Phulbani, which belongs to a petrologically little understood crustal domain (Phulbani domain) of the Eastern Ghats Belt. The aluminous granulite is constituted of corundum þ spinel þ ilmenite þ garnet þ sillimanite þ quartz 6 K-feldspar 6 plagioclase 6 biotite. Textural analysis indicates that corundum, spinel, garnet and/or K-feldspar were formed as a result of biotite dehydration melting of a Si-poor protolith during prograde metamorphism. Although corundum and quartz coexist in micro-scale domains, phase diagram modelling suggests that garnet þ corundum þ spinel þ ilmenite þ sillimanite (up to 800 C at 8 kbar) and garnet þ spinel þ sillimanite þ ilmenite þ quartz (above 950 C at 8 kbar) assemblages were stabilized in two different temperature intervals while attaining the ultrahigh-temperature metamorphic peak. The transformation from corundum-to quartz-bearing assemblages was principally governed by chemical reactions. Quartz, formed at the peak stage, produced complex reaction textures involving spinel, corundum, garnet and sillimanite during near-isobaric cooling. Intersection of the same mineral reactions during the prograde and the retrograde paths implies the near-closed-system behaviour of the lower crust, at least at microdomain-scale, possibly achieved after large-scale melt loss along the prograde-to-peak stage of evolution. The pressure-temperature path remained near-isobaric during the prograde and the retrograde evolution of the assemblages. High-density (up to 1Á03 g cm -3 ) CO 2 -rich fluid inclusions in aluminous granulite, coarse-grained charnockite and felsic gneiss indicate that peak metamorphism and subsequent evolution occurred under a CO 2 -dominated fluid regime. The pressure-temperature-fluid evolutionary history of the Phulbani domain shows similarity to that of the adjacent Visakhapatnam domain of the Eastern Ghats Belt and poses questions on the status of the boundary separating these two domains.
INTRODUCTION
Aluminous granulites with varying bulk chemical compositions can provide significant information on the nature and extent of high-temperature (HT) to ultrahightemperature (UHT) metamorphic processes (Harley, 2008 (Harley, , 2016 Kelsey, 2008) . Si-undersaturated HT and UHT granulites from many terranes exhibit complex textural and chemical features (reviewed by Kelsey et al., 2005) . In most of the occurrences, Siundersaturated aluminous granulites show stability of corundum in combination with orthopyroxene, garnet, spinel and sapphirine (Kienast & Ouzegane, 1987; Bertrand et al., 1992; Ouzegane & Boumaza, 1996; Osanai et al., 1998; Kriegsman & Schumacher, 1999; Sengupta et al., 1999; Kelsey et al., 2005; Shimpo et al., 2006; Dharmapriya et al., 2015) . For such occurrences, it has been demonstrated that corundum (along with spinel or garnet) forms initially through biotite dehydration melting in Si-undersaturated protoliths, but is rarely preserved at the peak HT/UHT conditions where it is replaced by spinel-, orthopyroxene-or sapphirinebearing assemblages depending on the P-T and X Mg of the bulk-rock (Kelsey et al., 2005) . Although corundum is reported to coexist with quartz in many HT and UHT terranes (Guiraud et al., 1996; Shaw & Arima, 1998; Mouri et al., 2004; Harley, 2008; Bial et al., 2015) , their coexistence has been proved to be metastable under crustal and mantle conditions (Harlov & Milke, 2002; Harlov et al., 2008) . Irrespective of the controversy regarding the stability (or metastability) of this mineral pair, it is certain that it is not a diagnostic assemblage of UHT metamorphism (Harley, 2008) . That this mineral pair occurs in UHT rocks, however, makes the textural interpretation much more complicated (discussed by Kelsey et al., 2005; Harley, 2008) .
The roles of partial melting and melt loss have important bearings on the evolution of the restitic lower crust (discussed by Kelsey et al., 2005) . Loss of anatectic melt may accompany depletion of alkali elements (Kriegsman, 2001) , which can transform the chemical system to a simpler one (with low Si, Na, K and high Al, Fe, Mg) . This 'evolved' chemical system may produce myriad reaction textures involving Si-poor phases such as corundum, sapphirine and spinel, during both the prograde and the retrograde stages of metamorphism. Such textures have been reported from many UHT metamorphosed granulite terranes (Kienast & Ouzegane, 1987; Bertrand et al., 1992; Ouzegane & Boumaza, 1996; Kriegsman & Schumacher, 1999; Sengupta et al., 1999; Dharmapriya et al., 2015) . The role of metamorphic fluids in such processes is also important. An H 2 O-rich fluid is commonly lost during the prograde stage and eventually becomes partitioned into the anatectic melt, leaving anhydrous assemblages at the peak metamorphic stage. The fluid regime at UHT peak conditions is mainly represented by CO 2 , particularly when melt is segregated and lost from the system.
The Eastern Ghats Belt (EGB) exposes an eroded Proterozoic deep crustal section along the eastern coast of India (Fig. 1) . This study is concentrated on the Phulbani domain of the EGB where a detailed petrological, structural and fluid evolution study has been carried out on corundum-bearing aluminous granulite and associated high-grade rocks. The petrological evolution of the aluminous granulite is further characterized using phase diagram modelling. The results of this study will help in understanding the geological evolution of the Phulbani domain of the EGB, which is underrepresented in current literature.
GEOLOGICAL BACKGROUND Regional geology
The EGB is conceived as a collage of several crustal provinces (the Eastern Ghats Province, the Rengali Province, the Jeypore Province and the Krishna Province) and domains, each having its own characteristic P-T-t history and protolith character (Ramakrishnan et al., 1998; Rickers et al., 2001; Dobmeier & Raith, 2003) . Occurrences of UHT (>950 C) metamorphic rocks of deep crustal (8-10 kbar) origin have been reported from this belt (Lal et al., 1987; Sengupta et al., 1990 Sengupta et al., , 1999 Dasgupta et al., 1995; Pal & Bose, 1997; Bose et al., 2000; Das et al., 2011; Korhonen et al., 2013a; Sarkar & Schenk, 2014) . High-resolution geochronological data from this belt have allowed a transcontinental correlation between India and East Antarctica, both of which are thought to be an integral part of the Proterozoic supercontinent Rodinia (Mezger & Cosca, 1999; Upadhyay et al., 2009; Bose et al., 2011 Bose et al., , 2016 Das et al., 2011; Korhonen et al., 2013b) . It has also been established that the central part of the EGB evolved through an anticlockwise P-T path (Dasgupta & Sengupta, 2003; Dasgupta et al., 2013; Korhonen et al., 2013a) . The geological history of the northern part of the EGB is sketchy owing to the poor availability of geological data (cited by Dobmeier & Raith, 2003) , excepting the Chilka Lake (Sen et al., 1995; Bose et al., 2016) and the Angul (Sarkar et al., 2007) domains. The vast area in the north and northwestern part of the EGB is dominated by granulite migmatites and felsic gneisses that have no published record.
The central part of the Eastern Ghats Province [Domain 2 and part of Domain 3 of Rickers et al. (2001) ] provides the maximum amount of P-T-t data and has a shared history with the Rayner Province of East Antarctica (reviewed by Dasgupta et al., 2013 Dasgupta et al., , 2017 Harley et al., 2013; Morissey et al., 2015) . However, crustal domains belonging to this province show contrasting styles of P-T-t evolution. Whereas the wellstudied Visakhapatnam domain is constituted of UHT metamorphosed rocks with a pronounced cooling history (Sengupta et al., 1990; Dasgupta et al., 1995; Bose et al., 2000; Korhonen et al., 2013a) , the rocks of the Chilka Lake domain show a decompression-related P-T-t history (Sen et al., 1995; Bose et al., 2016) . The time frame for UHT metamorphism and subsequent cooling in the former is c. 1000-900 Ma (Upadhyay et al., 2009; Bose et al., 2011; Das et al., 2011; Korhonen et al., 2013b) , which is different from the c. 780 Ma decompression in the latter (Bose et al., 2016) . The other domains of the Eastern Ghats Province, particularly occurring to the north of the Vishakhapatnam domain, include the Rampur domain, the Tikarpara domain, the Khariar domain, the Phulbani domain and the Angul domain (Fig. 1 ). These domain names were established by Dobmeier & Raith (2003) and their boundaries were drawn mostly from the isotopic data of Rickers et al. (2001) along with discrete metamorphic ages across major lineaments that are interpreted as ductile shear zones (Dobmeier & Raith, 2003) . Although few field data are available from such domain boundary shear zones (Chetty, 2010; Saha & Karmakar, 2015) , others have been identified mostly from satellite data (reviewed by Dobmeier & Raith, 2003) . The significance of the ages showing distinct populations across the shear zones is also not clear. It is interpreted that these domains were amalgamated through the shear zones, yet the petrotectonic characters and the timings of the shearing events are mostly unknown. Needless to say, these domains have complex histories and a clear understanding of each one in P-T-D-t space is required to gain a complete understanding of the evolution of the EGB. From a larger perspective, the proposed transcontinental correlation between India and East Antarctica hinges on highresolution data from both of the continental fragments. The amount of data from the EGB is less than that of the East Antarctica (reviewed by Harley et al., 2013 , and references therein) and thus new data from relatively unexplored areas of EGB will be of immense importance.
Study area
The Phulbani domain is interpreted to be separated from the westerly situated Rampur domain and the southerly located Visakhapatnam domain by the combined Koraput-Sonapur and Nagavalli-Vamshadhara shear zones (Fig. 1) . Its northern boundary, shared with the Tikarpara domain, is marked by the Ranipathar shear zone, whereas the eastern boundary, shared with the Chilka Lake domain, is marked by no prominent lineament. Apart from a few unpublished reports of the Geological Survey of India, no information is available from this important domain of the Eastern Ghats Province. It is also not clear how and when this domain was juxtaposed with its neighbours.
ROCK TYPES AND STRUCTURAL CHARACTERS
The present study area is located in and around Phulbani town, Kandhamal district, Odhisa, India (Fig. 1) . The major lithological units (Figs 2 and 3) are felsic gneiss (garnet-quartz-K-feldspar-plagioclase-biotite gneiss), aluminous granulite (spinel-ilmenite-garnet-quartzcorundum-sillimanite 6 K-feldspar 6 plagioclase 6 biotite gneiss), charnockite (K-feldspar-orthopyroxeneilmenite-quartz-plagioclase-biotite 6 garnet gneiss) and calc-silicate granulite (scapolite-clinopyroxene-calcitewollastonite-plagioclase-garnet-quartz gneiss). Mafic granulite (orthopyroxene-plagioclase-clinopyroxenehornblende gneiss) is also present locally. The charnockite is subdivided into two types depending on the variation of the grain size and field relationships with other lithological units. Relatively fine-grained charnockite gneiss occurs as fragments and bands along with aluminous granulite (Fig. 4a) , calc-silicate granulite and mafic granulite (Fig. 4b) within the felsic gneiss. On the other hand, the coarse-grained charnockite is intrusive in nature and contains fragments and lenses of calc-silicate granulite (Fig. 4c) , aluminous granulite ( Fig. 4d ) and mafic granulite (Fig. 4e) . However, it is difficult to establish any structural relationships between the coarsegrained charnockite and the felsic gneiss from field observations.
The rocks of the study area exhibit four generations of foliation. The earliest fabric (S 1 ) was developed during a D 1 deformation, which is now preserved only at grain-scale (discussed below) as folded (F 2 ) inclusion trails of sillimanite, biotite and/or ilmenite within porphyroblastic corundum, spinel and garnet in the aluminous granulite. The resultant fabrics (S 2 /S 3 ) of the subsequent deformations (D 2 /D 3 ) are composite in nature because of the tight folding (F 3 ) of the S 2 surface, which gives rise to an axial planar S 3 fabric (Fig. 5a ). This S 2 /S 3 gneissic fabric represents the mesoscopically recognizable planar fabric in the aluminous granulite, the fine-grained charnockite gneiss and the felsic gneiss occurring in the western part of the study area (Fig. 2) . The S 2 /S 3 gneissic fabric is characterized by alternate melanocratic and leucratic layers in the aluminous granulite. The mineralogy of the melanocratic layers shows wide variations in different locations and is dominantly defined by garnet-spinel-ilmenite-sillimanite-corundum 6 biotite. Leucocratic layers are mainly constituted of quartz and feldspars, although sillimanite and biotite are occasionally present.
The S 2 /S 3 fabric was subsequently transposed by a north-south to NW-SE-trending S 4 fabric formed during the D 4 deformation, which produced F 4 folds at mesoscopic scale. The S 4 fabric is pervasive only in the central and the southeastern parts of the study area and is dominantly defined by biotite 6 sillimanite-bearing assemblages in the aluminous granulite, the felsic gneiss and the coarse-grained charnockite. In the southeastern part of the study area, interference of F 3 (defined by S 2 /S 3 gneissic foliation) and F 4 folds in the calc-silicate granulite produces a non-planar cylindrical outcrop-scale fold interference pattern (Fig. 5b) . However, from the present set of data, it is difficult to interpret whether there was any substantial time gap between the D 2 /D 3 and D 4 deformation stages or if these were related to a single orogenic pulse.
Discrete, small-scale, north-south-trending, steeply dipping ductile shear zones are present locally along the S 4 fabric in the central part (Fig. 3 ) and a few other places of the study area. Localization of mylonitic fabric (S 4S ) along the ductile shear zones is conspicuous in the felsic gneiss, the aluminous granulite and the associated coarse-grained charnockite (Fig. 5c ). Sheared migmatitic layers in the aluminous granulite, present in the vertical sections within the ductile shear zone, confirm that the shear zone development occurred after the high-grade metamorphism (Fig. 5d) . Shearing produced the S-C fabric in the aluminous granulite and the felsic gneiss ( Fig. 5e ) with sinistral sense in plan view, which is also confirmed by the asymmetry of garnet and feldspar porphyroclasts. Aluminous granulite and felsic gneiss locally preserve steeply southward plunging stretching lineations (Fig. 5f ). The presence of shear fabrics in both the horizontal and the vertical sections suggests oblique movement during the development of these ductile shear zones. 
ANALYTICAL METHODS

Electron microprobe (EMP) analysis
Mineral assemblages, key textural features and the reactions among the mineral phases of the aluminous granulite and the felsic gneiss are summarized in Table 1 . The chemical compositions of representative minerals in the aluminous granulite and the felsic gneiss were determined using a JEOL JXA 8200 Electron Probe Micro Analyzer (EPMA) at the Natural Science Center for Basic Research and Development (N-BARD), Hiroshima University, Japan. Chemical data for samples of the calc-silicate granulite, coarse-grained charnockite and fine-grained charnockite gneiss were analysed using a CAMECA SX-100 EPMA at the Department of Geology and Geophysics, Indian Institute of Technology, Kharagpur, India. Operating conditions of both instruments were 15 kV accelerating voltage, 15 nA beam current and 1-2 lm beam diameter. Natural silicate and oxide standards were used for calibration in both instruments and the raw data were corrected using the ZAF program. Fluorine contents in biotite were measured using natural fluorapatite as a standard [details have been given by Das et al. (2017) ]. Representative mineral compositions in the aluminous granulite and associated rocks are given in Tables 2 and 3 . The complete dataset is provided in Supplementary Data Electronic Appendices 1 and 2, which can be downloaded from http://www.pet rology.oxfordjournals.org.
Fluid inclusion techniques
Fluid inclusions were studied in doubly polished thin wafers (c. 200 lm in thickness) prepared from representative samples. The nature of occurrence of inclusions, their distribution patterns, shapes, sizes and phase categories were carefully studied and documented using a petrological microscope at varying magnifications using standard techniques (Touret, 2001; van den Kerkhof & Hein, 2001; van den Kerkhof et al., 2014) . Microthermometric measurements were performed with a Linkam heating/freezing system at JAMSTEC, Yokosuka, Japan. Calibrations were undertaken with standard materials. Heating rates of the samples were 0Á1-0Á2 C min -1 for melting and 1-5 C min -1 for homogenization temperatures, respectively. For isochore calculations, almost all the analysed carbonic fluid inclusions were regarded as CO 2 . Densities of the fluid inclusions were calculated using the program FLUIDS (Bakker, 2003) . The equations of state of the fluid were calculated using the program of Duan et al. (1992a Duan et al. ( , 1992b . Mole fractions of fluid inclusions were calculated using the method outlined by Huizenga (2005) . Laser Raman spectroscopy was carried out using a Nano Photon Ltd Raman Touch spectrometer installed at JAMSTEC, Yokosuka, Japan. An exciting radiation at 532 nm was provided by a YAG laser. The analytical accuracy of wavenumber measurements of the Raman spectrometer was 1 wavenumber (cm À1 ). Analyses were carried out on relatively large inclusions (>5 lm) to obtain good quality Raman signals. Raman data were acquired at room temperature for single-phase inclusions and compared with the data listed by Burke (2001) for fluids (CO 2 , H 2 O, CH 4 , N 2 , etc.) and solid crystals found in the inclusions to identify each species. The Raman bands for the host phases were compared with 
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the Rruff database (http://rruff.info/) for precise identification.
PETROLOGY OF THE ALUMINOUS GRANULITE Aluminous layers
The key minerals of the aluminous granulite are spinel (Spl), ilmenite (Ilm), magnetite (Mag), garnet (Grt), sillimanite (Sil), corundum (Crn), quartz (Qtz), K-feldspar (Kfs), plagioclase (Pl) and biotite (Bt). The mineral assemblage in this rock occurs as strongly deformed layers (a few centimetres to millimetres thick) that are engulfed within a quartzofeldspathic layer ( Fig. 6a and b) giving a migmatitic appearance to the rock. Within the aluminous granulite layers, spinel-corundumgarnet-bearing micro-domains locally contain quartz, K-feldspar and biotite. However, there are domains where K-feldspar and matrix biotite are totally absent. The modal amount of plagioclase is low ($1%) in this rock. Zircon (Zrn) and monazite (Mnz) occur as accessory minerals. Variations in modal abundances and grain sizes of these mineral phases are noteworthy in places. Depending on the presence of K-feldspar and matrix biotite, we subdivide the rock into two mineral associations (A and B). Abbreviations for minerals are after Kretz (1983) . Association A is characterized by Spl, Ilm, Grt, Qtz, Kfs, Crn, Sil, Pl and Bt. Alternate layers of Grt-Spl-CrnIlm-Sil 6 Bt and Qtz-Kfs-Pl 6 Sil 6 Bt define the gneissic foliation (S 2 /S 3 ). Porphyroblastic spinel (Spl 1 ) layers show micro-folding that is conformable with the outcrop-scale F 3 folds (Fig. 6c) . The size of the garnet porphyroblasts (Grt 1 ) varies up to 700 lm in the maximum dimension. Porphyroblastic corundum (Crn 1 ) grains are usually rectangular in shape and coexist with porphyroblastic spinel (Spl 1 ) and ilmenite (Ilm 2 ) sharing straight boundaries (Fig. 6d) . Kfs grains constitute a monomineralic aggregate that locally shows pinching and swelling along the S 2 /S 3 foliation. Inclusions of early sillimanite (Sil 1 ) and biotite (Bt 1 ) are present within Crn 1 , Spl 1 and Grt 1 . Locally, these inclusions show a folded internal foliation (S 1 ). Grt 1 also contains inclusions of Kfs and ilmenite (Ilm 1 ). Sil 1 inclusions within Spl 1 sometimes contain inclusions of Kfs (Fig. 6e) . A few Grt 1 grains contain rare inclusions of rounded Qtz. Coarse prismatic sillimanite grains (Sil 2 ) occur in the matrix. Skeletal intergrowth of spinel (Spl 2 ) and Qtz develops over Grt 1 and Sil 2 grains (Fig. 6f) within the GrtSpl-Crn-Ilm-Sil 6 Bt layer. A double-layer corona of sillimanite (Sil 3 ) and garnet (Grt 2 ) separates the Spl 1 and Spl 2 from the matrix Qtz ( Fig. 6f and g ). In places, a corona of Grt 2 occurs around prismatic Sil 2 (Fig. 6e) . Notably, the latter corona is present only in the vicinity of Spl 1 and Spl 2 . Apart from the porphyroblastic variety, fine granular and vermicular corundum (Crn 2 ) lamellae are also present within Spl 1 /Spl 2 (inset of Fig. 6e) and Grt 2 respectively. In the first case, Crn 2 granules occur along transverse fractures in Spl 1 /Spl 2 . A thin film of Kfs is present along the grain contacts of Sil 2 and quartz in the matrix. Intergrown biotite (Bt 2 ) and sillimanite (Sil 4 ) locally wrap Grt 1 forming the S 2 /S 3 fabric. Locally, Grt 1 grains show flattening parallel to the S 2 /S 3 fabric implying a high ambient temperature during the fabric development. The S 2 /S 3 foliation is overprinted by the S 4 fabric, which in places is transformed into a mylonitic S 4S fabric. The double-layer corona of Sil 3 and Grt 2 in such a case shows extreme stretching along the S 4S mylonitic foliation, forming a thread-like structure (inset of Fig. 6g ). An S-C fabric is observed in planar sections cut parallel to the stretching lineation and perpendicular to the S 4S mylonitic foliation. Oriented grains of Sil 4 , Bt 2 and stretched corona of Grt 2 þ Sil 3 constitute the C fabric, whereas recrystallized quartz grains constitute the S fabric.
Association B is devoid of K-feldspar, plagioclase and matrix biotite, with a very low modal proportion of quartz. It constitutes metre-to centimetre-scale lenses within association A. Corundum grains show two modes of occurrence: (1) porphyroblastic Crn 1 with inclusions of fibrous Sil 1 and Bt 1 (Fig. 6h) ; (2) exsolved Crn 3 with Mag and Ilm 2 in a tripartite spinel-ilmenitemagnetite grain (Fig. 6i) . Spinel shows broadly four modal occurrences: (1) coarse porphyroblastic spinel (Spl 1 ) commonly associated with Ilm 2 (Fig. 6i ) as a part of the peak Fe-Ti-Mg-Al spinel solid solution; granular and dendritic exsolved lamellae of magnetite are found within these spinel grains; (2) small amoeboid Spl 1 grains within Grt 1 (Fig. 6j) , possibly formed during the prograde stage; (3) porphyroblastic Spl 2 intergrown with Sil 2 replacing Crn 1 (Fig. 6k) ; (4) delicate vermicular to acicular spinel grains (Spl 3 ) within Grt 1 , possibly pseudomorphing Sil 1 inclusions (Fig. 6l) .
In both associations, porphyroblastic Crn 1 is separated from the matrix Qtz by thin coronae of Sil 3 (Fig. 7a) . However, double-layer coronae of Sil 3 and Grt 2 are also present at the contacts between Crn 1 and matrix Qtz (Fig. 7b) .
Garnet grains in the aluminous granulite are characterized by compositional variations only in almandine and pyrope contents and have negligible spessartine and grossular contents ( Table 2 ). The almandine content of garnet grains (both Grt 1 and Grt 2 ) in association A varies between 68 and 79 mol %. Grt 1 has almandine contents in the range 68-79 mol % and Grt 2 has almandine contents in the range 69-77 mol %. Slight enrichment of the pyrope content in Grt 2 (19-22 mol %) with respect to Grt 1 (15-16 mol %) within the same sample of association A is notable (see Table 2 ). Garnet grains in association B (both Grt 1 and Grt 2 ) are slightly Mg-rich with respect to those of association A (68-71 mol % almandine).
Compositionally, all the textural varieties of spinel are solid solutions of hercynite and spinel with very minor gahnite component (1-2 wt % ZnO). In porphyroblastic spinel (Spl 1 ), the calculated hercynite components (X Fe Â 100) are 73-83 mol % and 66-71 mol % in associations A and B respectively ( Coarse ilmenite grains (Ilm 2 ) are characterized by low to moderate hematite contents (X Fe 3þ Â 100) (7-12 mol % in association A and 5-14 mol % in association B). The geikelite component of these grains (both association A and association B) is low (1-3 mol %). However, Ilm 1 inclusions within Grt 1 have higher hematite contents (18 mol %) relative to Ilm 2 . The geikelite component in these grains is c. 3 mol %.
In association A, Bt 1 within Spl 1 and Grt 1 is relatively Mg-rich (X Mg ¼ 0Á64-0Á75) compared with the matrix biotite (Bt 2 ) (X Mg ¼ 0Á63-0Á67). The TiO 2 content in Bt 1 and Bt 2 varies in the range 1Á78-4Á30 wt % and 4Á14-5Á15 wt % respectively. F contents range up to 3Á22 wt % and 3Á05 wt % for Bt 1 and Bt 2 respectively (Table 2) .
Crn 1 in both associations of aluminous granulites is nearly pure with minor Fe 2 O 3 ($0Á88 wt % in association A and $0Á81 wt % in association B). Sillimanite grains with different textural modes have variable Fe 2 O 3 content within the range of 0Á54-1Á0 wt %. In association A, orthoclase component of K-feldspar varies between 88 and 90 mol %. 
Quartzofeldspathic layers
Thick quartzofeldspathic layers surrounding the aluminous domains (association A) contain coarse grains of Qtz, Kfs and Pl. All the minerals in these layers show variable effects of deformation. In the sheared variety of rock, these minerals show a mylonitic fabric along the S 4S foliation. Minerals in this layer show textures of melt crystallization; namely, thin film of quartz around matrix Sil 2 , Kfs envelope over Pl (Fig. 7c ) and cuspate nature of quartz grains. Based on the mineralogy, the composition of the melt could be identified as granitic.
The enclosing felsic gneiss is composed of quartz, Kfeldspar, plagioclase and porphyroblastic garnet with minor amounts of plagioclase, and shows shearing microstructures similar to those of the quartzofeldspathic layers within the aluminous granulite. Sections of the felsic gneiss samples, cut parallel to the x-z plane of finite strain, show sporadic occurrences of the S-C structure. The S fabric is defined by elongated quartz grains showing recrystallization by subgrain rotation, whereas the C fabric is defined by elongated feldspar and aggregates of biotite and sillimanite grains formed after porphyroblastic garnet (Fig. 7d) . The near-isotropic nature of the quartz grains defining the S fabric in the x-z section suggests that the optic axes of the quartz grains are parallel to the y direction of the finite strain. K-feldspar grains are elongated parallel to the mylonitic foliation (S 4S ) and show recrystallization by grain boundary migration.
Sense of shearing was determined as sinistral from the orientation of the S-C surface (Fig. 7d) and the asymmetric tails of biotite and sillimanite aggregate around garnet. Inclusions of biotite, quartz and K-feldspar are common within porphyroblastic garnet. Zircon, ilmenite and apatite constitute the accessory phases of this rock.
Garnet grains in the felsic gneiss coexisting with the migmatitic variety of association A are Fe-rich (almandine 78-81 mol %; Table 2 ). These grains show diffusion zoning with minor rimward increase of the almandine and concomitant decrease of the pyrope components. Matrix biotite grains are Fe-rich (X Mg ¼ 0Á46-0Á58) compared with those of the aluminous granulite. The TiO 2 content of these grains ranges up to 3Á80 wt %. Plagioclase grains are albitic (57-60 mol % albite).
Evolution of the mineral assemblages
In both of the mineral associations of the aluminous granulite, inclusion trails (S 1 ) of Bt 1 , Sil 1 , and/or Ilm 1 are present within Grt 1 and Crn 1 . Rare quartz inclusions are also present in a few Grt 1 grains. These textures indicate that the prograde mineral assemblage comprised Bt 1 (X Mg 0Á64-0Á75), Sil 1 and Ilm 1 (17-18 mol % hematite content) with rare quartz in an overall Si-undersaturated bulk composition. This assemblage (M 1 ) produced the porphyroblastic phases at the pre-peak stage (pre-M 2 ). The transformation of M 1 to pre-M 2 stage occurred through biotite dehydration melting reactions:
Given the abundance of Crn 1 , Spl 1 (hercynite: 73-83 mol % in association A and 66-71 mol % in association B) and Grt 1 (almandine: 68-79 mol % in association A and 68-71 mol % in association B), we consider that these reactions progressed to a large extent. Both reactions occurred in an overall Si-undersaturated bulk composition, although a trace amount of quartz could have been present as the reactant phase in reaction (1). K-feldspar (orthoclase: 88-90 mol %) aggregates in association A possibly represent the peritectic phase in reactions (1) and (2). Absence of K-feldspar in association B implies that either the phase was not produced in reaction (2) or, if produced, it was totally fractionated. The first possibility has been cited by Sengupta et al. (1999) , who suggested that the K 2 O/H 2 O ratio was perfectly balanced by the coexisting biotite and melt phase. Total fractionation of K-feldspar requires selective removal of this phase by melt, which seems unlikely. The chemistry of the melt produced by both of the reactions is uncertain as there are practically no data on partial melting of Si-undersaturated bulk compositions. However, Kelsey et al. (2005) in their theoretical modelling considered such melt composition to be granitic. Experimental data suggest that biotite dehydration melting occurs at 750-800 C at mid-to deep crustal conditions for model pelite bulk compositions (Carrington & Harley, 1995, and references therein) . In the presence of high Ti and F contents in biotite (as in the present case), the melting temperature can go up to 900 C (Dooley & Patiño Douce, 1996; Bose et al., 2005) . The restitic nature of the aluminous granulite implies that substantial melt loss occurred subsequently . As a consequence of melt loss, the chemical system may change to a near-closed one, which would have important consequences as discussed below. Relatively high ZnO content (up to 2Á31 wt %) in the included variety of Spl 1 implies its stability below the peak temperature.
Intergrowth of Spl 2 þ Sil 2 replacing Crn 1 and the development of prismatic Sil 2 surrounding Grt 1 (Fig. 6k) in both of the mineral associations indicate a simple FMAS reaction
Fine vermicular to acicular growth of spinel (Spl 3 ) within Grt 1 in association B (Fig. 6l) possibly occurred subsequent to reaction (3). A similar texture has been reported previously by Das et al. (2006) , who noted that vermicular spinel grains are restricted in the zone of sillimanite inclusions within porphyroblastic garnet. In such a case, pseudomorphic transformation of sillimanite inclusions by Spl 3 may occur through a reaction such as
Tiny quartz grains are present within the same Grt 1 host where spinel (Spl 3 ) is present. However, we are not sure whether those quartz grains were produced by reaction (4a) or were present beforehand.
The skeletal intergrowth of Spl 2 (hercynite: 70-72 mol %) and quartz replacing Grt 1 (almandine: 68-70 mol %) in the matrix (Fig. 6f) can be explained by the same reaction:
Reaction (4b) is responsible for occurrence of quartz in the matrix in both of the associations. The spinel grains (Spl 2 ) produced by reactions (3) and (4b) are genetically and compositionally different (Mg-Fe-Al spinel) compared with the Spl 1 grains (Fe-Mg-Ti-Al spinel) produced by reaction (1). Reactions (1), (3) and (4b) indicate that the mineral assemblage of the peak-M 2 stage was Spl 1 /Spl 2 þ Sil 2 þ Grt 1 þ Qtz. Subsequently, the rock experienced retrogressive metamorphism (M 2R ) during which several reaction textures developed. The most common one is the double-layered corona of Grt 2 (almandine: 69-77 mol % in association A, and 68-71 mol % in association B) and Sil 3 separating Spl 2 /Spl 1 from Qtz grains in the matrix (Fig. 6f and g ). This particular texture indicates the reversal of reaction (4b):
This reaction occurs during near-isobaric cooling at the retrograde stage (similar to M 2R in the present study) as inferred from many aluminous granulites of the EGB (Sengupta et al., 1991; Dasgupta et al., 1995; Bose et al., 2000) . At this stage, Spl 1 solid solution was also decomposed to ilmenite (Ilm 2 ), magnetite and locally corundum (Crn 3 ) by several oxy-exsolution reactions:
As the coexisting spinel-ilmenite (bipartite), spinelilmenite-magnetite (tripartite) and spinel-magnetitecorundum (tripartite) grains are enveloped by the sillimanite (Sil 3 ) corona, reactions (6) and (7) must have occurred subsequent to reaction (5).
The corona of Grt 2 around Sil 2 and the presence of Crn 2 within Grt 2 and Spl 1 /Spl 2 possibly suggests reversal of reaction (3) during cooling:
In this reaction, the presence of Grt 2 corona around Sil 2 (Fig. 6e) confirms that spinel (Spl 1 and/or Spl 2 ) must have been present as a reactant phase as no other Fe-Mg-bearing phases were present at this stage. The presence of Spl 1 /Spl 2 in the vicinity of Sil 2 grains also corroborates this fact. However, corundum (Crn 2 ) produced during this reaction is vermicular or granular in shape. In the latter case, fine granules of Crn 2 nucleated preferably along the fractures within Spl 1 and/or Spl 2 (inset of Fig. 6e ).
Biotite (Bt 2 ) (X Mg 0Á63-0Á67 in association A and 0Á46-0Á58 in the felsic gneiss) appeared late on Grt 1 in association A as well as in the felsic gneiss (almandine: 78-81 mol %). This Bt 2 is often intergrown with fine acicular sillimanite (Sil 4 ) and the Bt 2 þ Sil 4 assemblage also defines the S 4 foliation both in the aluminous granulite (association A) and in the felsic gneiss. This assemblage was possibly formed by the following reaction at the late M 2R stage of metamorphism:
It is notable that association B is devoid of any retrograde biotite. The reason for this could be either the absence of K-feldspar in association B or the availability of limited H 2 O from the outgoing melt. Another important feature is that locally both Bt 1 and Bt 2 contain high amounts of F. Such a high amount of F in Bt 1 could be the result of partitioning of F into these biotite grains during their consumption in the course of melting reactions. However, this process is not responsible for the high amount of F in Bt 2 , which is presumably produced during back-reaction involving the melt and mineral phases containing Fe and Mg (garnet and spinel in the present case), similar to that suggested by Motoyoshi & Hensen (2001) . Similar features have also been documented from the central part of the EGB by Bose et al. (2005) , who considered that high F content was responsible for the stabilization of biotite-bearing assemblages up to 950 C at mid-to deep crustal levels.
PETROLOGY OF THE ASSOCIATED ROCKS
Mineral assemblages, key textural features and reactions among the mineral phases of the coarse-grained charnockite, the fine-grained charnockite gneiss and the calc-silicate granulite are summarized in Table 1 . The coarse-grained charnockite contains K-feldspar (Kfs), plagioclase (Pl), orthopyroxene (Opx), quartz (Qtz), ilmenite (Ilm) and biotite (Bt) with or without garnet (Grt) and hornblende (Hbl). It has a gneissic foliation (S 4 ) in most places, but the rock also occurs as a massive variety. In the foliated variety, dynamically recrystallized quartz and K-feldspar grains constitute the leucocratic layers. The melanocratic layers are composed of garnet, orthopyroxene, hornblende and biotite. Garnet occurs as coronae with quartz at the contacts of orthopyroxene and/or ilmenite against plagioclase (Fig. 8a ). Biotite and hornblende occur surrounding orthopyroxene. The garnet composition is dominantly an almandinegrossular-pyrope solid solution (Alm 65-69 Py 6-8 Grs 21-24 ) with negligible spessartine (<3 mol %) and andradite components (<3 mol %). Orthopyroxene is low in Al (<1 wt % Al 2 O 3 ) and Fe-rich (X Mg ¼ 0Á27-0Á32). Plagioclase shows minor compositional variation (Ab 50-52 An 46-49 ), whereas K-feldspar is dominantly orthoclase-rich ($82 mol %). Biotite (X Mg ¼ 0Á60-0Á62) and hornblende (X Mg ¼ 0Á43-0Á50) contain variable amounts of TiO 2 (3Á5-4Á0 wt % and 1Á3-1Á6 wt % TiO 2 , respectively). Formation of garnet (þ quartz) corona can be explained by the reaction
This reaction occurs during isobaric cooling similar to that identified from different localities of Domain 2 of the EGB (Bose et al., 2003) .
The fine-grained charnockite gneiss is composed of K-feldspar, plagioclase, orthopyroxene, ilmenite, quartz, garnet, hornblende and biotite. The gneissic foliation (S 2 /S 3 ) of this rock is defined by alternate melanocratic and leucocratic layers. Stretched orthopyroxene and ilmenite grains constitute the dark-coloured layers whereas the leucocratic layers are composed of quartz, K-feldspar and plagioclase. K-feldspar and plagioclase grains show a granoblastic polygonal texture. Coronae of garnet (þ quartz) are present around orthopyroxene and ilmenite at their contacts with plagioclase (Fig. 8a) ; these could have been developed by reaction (10). Retrograde biotite and hornblende grains are present around orthopyroxene (Fig. 8b) . The garnet composition is Fe-rich (Alm 72-74 Py 3-4 Grs 18-19 ) compared with that of the coarse-grained charnockite. Orthopyroxene is Al-poor (<1 wt % Al 2 O 3 ) and Fe-rich (X Mg ¼ 0Á16-0Á19). Plagioclase is rich in the albite component (Ab 66 An 33 ), whereas K-feldspar is dominantly orthoclase-rich ($80 mol %). Biotite (X Mg ¼ 0Á43-0Á47) is Ti-rich (4Á9-5Á4 wt % TiO 2 ) whereas hornblende (X Mg ¼ 0Á34-0Á37) contains 1Á1-1Á3 wt % TiO 2 .
The calc-silicate granulite is composed of scapolite (Scp), clinopyroxene (Cpx), wollastonite (Wo), garnet (Grt), plagioclase (Pl), calcite (Cal), quartz (Qtz) and titanite (Ttn). This rock is characterized by a prominent gneissosity (S 2 /S 3 ) and the gneissic foliation is defined by alternate greenish and greyish layers (Fig. 8c) . The greenish layers are composed of Scp, Cpx, Pl and Cal with or without Qtz, showing a granoblastic texture. In contrast, thin garnet coronae develop surrounding Scp, Cpx, Pl, Cal and Wo in the greyish layers (Fig. 8d) . Garnet composition is a grossular-andradite-almandine solid solution with insignificant pyrope and spessartine components (Table 3) . Compositional variation exists in terms of andradite (13-29 mol %) and grossular (69-84 mol %) components. Garnet coronae at the contacts of clinopyroxene are andradite-rich compared with one occurring away from latter phase. Scapolite is meionitic with X Mei varying within the range 0Á80-0Á83. Small amounts of the marialite component are present, which account for minor Cl contents (0Á01-0Á04 wt %). Plagioclase is almost pure anorthite (96-99 mol % An). Clinopyroxene is dominantly a diopside-hedenbergite solid solution with wide variation of X Mg (0Á50-0Á63). A rimward decrease of Mg and corresponding increase of Fe 2þ has been noted in porphyroblastic grains surrounded by garnet coronae. Cpx grains occurring away from the reaction domains are relatively Fe-rich. Wollastonite is almost pure with minor FeO (up to 0Á44 wt %). The occurrence of garnet coronae in the greyish bands can be explained by the reactions Cpx þ Wo 6 Scp 6 Cal 6 O 2 ! Grt 6 Qtz 6 CO 2 (11) Cpx þ Wo 6 Pl 6 Cal 6 O 2 ! Grt 6 Qtz 6 CO 2 :
Garnet grains produced by the above reactions are usually characterized by significant amounts of the andradite component. It is important to note that the Fe 2 O 3 content of such garnet presumably comes from the essenite component of adjacent clinopyroxene (Harley & Buick, 1992; Fitzsimons & Harley, 1994; Bhowmik et al., 1995; Sengupta et al., 1997) . However, it is observed that garnets that have no physical contacts with clinopyroxene are also andradite-rich. This can be explained only if the presence of an oxidizing fluid is considered (Harley & Buick, 1992; Dasgupta, 1993; Buick et al., 1994) . Notably, similar garnet coronae have been described from calcsilicate granulites of Domain 2 of the EGB where such a texture is interpreted to have formed during near-isobaric cooling from the UHT peak conditions (Dasgupta & Pal, 2005 , and references therein).
GEOTHERMOBAROMETRY
Thermobarometric results are summarized in Table 4 . Conventional P-T estimation of the different stages is fraught with difficulty owing to the non-appearance of temperature-sensitive minerals such as orthopyroxene and cordierite in the assemblage. Nevertheless, attempts have been made to estimate the near-peak (M 2 ) temperature from the Spl 1 -Sil 3 -Grt 2 -Qtz assemblage (Nichols et al., 1992) and pressure from Grt 1 -Spl 2 -Sil 2 -Qtz assemblage (Bohlen et al., 1986) of the aluminous granulite. Using the thermometer of Nichols et al. (1992) , we estimated temperatures of 938-964 C and 917-945 C from associations A and B, respectively, at an assumed pressure of 8 kbar. These temperature estimates represent reset values owing to late-stage Fe-Mg exchange. The Bohlen et al. (1986) barometer yields 8Á0-8Á2 kbar pressure. Activities of Grt 1 and Spl 1 were calculated using the program A-X developed by Holland & Powell (1998) . Using the Grt 1 -Crn 1 -Spl 2 -Sil 2 barometer (Shulters & Bohlen, 1989) , we estimated 7Á8-8Á1 kbar pressure, which is the best estimate for the pre-M 2 stage of metamorphism when corundum was stable. For the felsic gneiss sample, the estimated peak pressure is 7Á4-8Á6 kbar using the garnet-aluminosilicate-silica-plagioclase barometer of Newton & Haselton (1981) . It is important to note that the higher and lower pressure values were estimated using the core and rim compositions, respectively, of porphyroblastic garnet grains. The temperature for the retrograde stage (late M 2R stage of metamorphism) was constrained by Bt 2 coexisting with Grt 1 in association A of the aluminous granulite and the felsic gneiss. Using the garnet-biotite Fe-Mg exchange thermometer of Ganguly et al. (1996) we estimated temperatures of 643-679 C and 468-680 C for association A and the felsic gneiss, respectively. In the latter case, the higher (e.g. 680 C) and lower (e.g. 468 C) temperatures were estimated using the core and rim compositions of garnet. Using the Ti-in-biotite thermometer (Henry et al., 2005) , we estimated temperatures up to 790 C and 713 C for association A and the felsic gneiss, respectively.
For the associated rocks, we used several models for estimating temperature and pressure. Scapolite (meionite) composition with X Mei of 0Á80-0Á83 suggests temperature in excess of 800 C (Harley, 1989) . The garnetorthopyroxene-plagioclase-quartz thermobarometry of Pattison et al. (2003) , which takes into account late Fe 2þ -Mg exchange, yielded temperatures of 681-693 C and pressure of 6Á2 kbar in coarse-grained charnockite. Using the same model, we estimated 735-770 C temperature and 6Á4-6Á8 kbar pressure for the fine-grained charnockite gneiss. In both cases, higher temperatures were estimated using the core compositions of orthopyroxene grains. The estimated pressure is slightly lower (DP ¼ 1Á5 kbar) compared with the pressure estimated for the peak-M 2 metamorphism.
PHASE DIAGRAM MODELLING
To understand the pre-peak (pre-M 2 ) to post-peak (M 2R ) evolutionary history of the aluminous granulite, phase diagram modelling was carried out using the program Perple_X ver 6.7.5 (Connolly & Petrini, 2002; Connolly, 2005 Connolly, , 2009 ). The internally consistent thermodynamic dataset of Holland & Powell (1998) was utilized for construction of the phase diagram. Because the aluminous granulite developed broadly similar mineral associations and reaction textures, only one representative sample containing the minerals of association B was chosen for phase diagram modelling. As mentioned above, association B represents a restitic character owing to extraction of melt with a low modal abundance of quartz and absence of feldspar. Although only a few theoretical analyses are available (McDade & Harley, 2001; Kelsey et al., 2005) , experimental data on phase relationships for MgFe-Al-rich, Si-undersaturated bulk-rocks is limited (e.g. Shulters & Bohlen, 1989) . The bulk composition for phase diagram modelling was calculated using the method of effective bulk composition (Stuwe, 1997) . For this, we initially calculated the mineral modes from four microdomains of a representative section of association B that show the maximum modal variations. This was done to eliminate the heterogeneity of the mineral distribution within the aluminous layers. The average modal composition was calculated from the results of the four microdomains. Average mineral compositions were integrated with modal values to obtain the bulk composition.
Phase diagram calculation was carried out in the FeO-MgO-Al 2 O 3 -SiO 2 -TiO 2 -MnO-O 2 (FMASTMnO) system for association B. We also calculated the phase diagram in the system Na 2 O-CaO-K 2 O-FeO-MgOAl 2 O 3 -SiO 2 -H 2 O-TiO 2 -MnO-O 2 (NCKFMASHTMnO) to account for the evolution of association A where matrix biotite and melt relics are present as additional phases. To retrieve the bulk composition of the latter association, we added 10 modal % lost melt composition with the calculated bulk composition. The modal per cent of the melt was estimated from the abundance of quartz and feldspar grains showing melt-crystallizing textures for which a value of 10% was taken as the maximum. The melt composition was taken from the average Proterozoic S-type granite (White & Chappell, 1983) . To constrain the oxygen fugacity, we adopted the approach outlined by Korhonen et al. (2012) and . Accordingly, a T-O 2 phase diagram was constructed at 8 kbar (Fig. 9a) to show the stability fields of the observed assemblages with changing O 2 values. Figure 9a shows that corundum-and quartz-bearing Table 4 : Thermobarometric results from representative samples of the aluminous granulite and the associated rocks Equilibria used for thermobarometry:
Aluminous granulite Spl-Sil-Grt-Qtz (Nichols et al., 1992) 938-964 (association A) 8 917-945 (association B) 8 Grt-Crn-Spl-Sil (Shulters & Bohlen, 1989) 7 Á8-8Á1 1000 Spl-Sil-Grt-Qtz (Bohlen et al., 1986) 8-8Á2 1000 Grt-Bt (Ganguly et al., 1996) 643-679 8 Ti-in-Bt (Henry et al., 2005) 768-790 Felsic gneiss Grt-Bt (Ganguly et al., 1996) 468-680 8 Ti-in-Bt (Henry et al., 2005) 472-713 Grt-Sil-Pl-Qtz (Newton & Haselton, 1981) 7 Á4-8Á6 1000 Coarse-grained charnockite Grt-Opx-Pl-Qtz (Pattison et al., 2003) 681-693 6Á2 Fine-grained charnockite gneiss Grt-Opx-Pl-Qtz (Pattison et al., 2003) 735-770 6Á4-6Á8 Calc-silicate granulite Temperature based on XMei (Harley, 1989) >800 C Abbreviations used for T ( C) and P (kbar) estimates: P Ref and T Ref are reference P and T; T E and P E are estimated T and P.
assemblages stabilize with 0Á56 wt % and 0Á65 wt % of O 2 , respectively, within the temperature range 700-1100 C. Therefore, a median O 2 value of 0Á3 wt % was chosen to construct the P-T phase diagram. Solid solution models for garnet, cordierite, melt and orthopyroxene were taken from the database of Holland & Powell (1998; revised Holland & Powell, 2003) , whereas the solution model of spinel was taken from . A few ilmenite grains occur without spinel, but it is difficult to decide whether these are discrete phases (stable with spinel as the phase diagram suggests) or formed owing to granular exsolution of the erstwhile Fig. 9 . Phase diagrams for the aluminous granulite of association B. These diagrams were constructed using the program Perple_X. (a) T-O 2 phase diagram to constrain the O 2 value for aluminous granulite of association B. The vertical line parallel to the temperature axis marks the O 2 value that was used to construct the P-T phase diagram for association B. (b) P-T phase diagram of association B showing transformation from corundum-bearing assemblage (pre-M 2 ) to quartz-bearing assemblage (peak M 2 ) through a corundum-and quartz-absent mineral assemblage (striped area) during an isobaric prograde and retrograde P-T evolution (line with arrow). (c) T-SiO 2 phase diagram showing the transformation from the corundum-bearing assemblage (pre-M 2 ) to a quartz-bearing assemblage (peak M 2 ) as a function of change in T and SiO 2 .
spinel solid solution (Waters, 1991) . For biotite, the deprotonation model of White et al. (2007) was used.
The resulting P-T phase diagram for association B is presented in Fig. 9b , which shows the stability of garnet-spinel-sillimanite-corundum-ilmenite and garnetspinel-sillimanite-ilmenite-quartz assemblages within a wide pressure and temperature range. The former mineral assemblage was stable up to 800 C temperature at about 8 kbar pressure during the pre-M 2 stage. The latter assemblage was stable at the peak-M 2 stage above 950 C temperature at a similar pressure. These two assemblages are separated by a high-variance assemblage of garnet-spinel-sillimanite-ilmenite (striped area in Fig. 9b ). Both corundum and quartz are absent in this field and the transformation of pre-M 2 to peak-M 2 assemblages would require an $150 C increase in temperature through this field. Alternatively, switching of these two assemblages can also be controlled by SiO 2 , as demonstrated in the T-SiO 2 diagram (Fig. 9c) , which shows that the same change can occur by increasing the amount of SiO 2 at a much lower temperature. It may be speculated that such a process could occur as the Si-undersaturated domains are hosted by quartzofeldspathic domains, which might have supplied SiO 2 . The transformation in this case would be near isothermal and would follow a path through a very narrow temperature interval of c. 780-820 C. Given the uncertainty in calculating the effective bulk composition of the chosen system, this interval is too specific. In contrast, the P-T phase diagram (Fig. 9b) indicates that the quartz-bearing peak-M 2 assemblage becomes stable only above 950 C (at 8 kbar pressure), and the transformation of corundum-bearing pre-M 2 to the quartzbearing peak-M 2 assemblage can occur owing to increase in temperature without changing the SiO 2 content. This shift in mineral assemblages, therefore, occurred as a result of heating along the prograde path. Thus the spinel þ quartz assemblage may stabilize from the garnet þ corundum assemblage in a Siundersaturated pelitic bulk composition, which we deduced from textural criteria and mineral reactions (3) and (4b). Modal isopleths of spinel in the P-T phase diagram show that the proportion of spinel increases from the pre-M 2 to the peak-M 2 stage (Fig. 9b) .
A phase diagram for a calculated bulk composition after addition of traces of melt and K-feldspar is represented in Fig. 10 . This shows stability of the mineral assemblage garnet þ spinel þ sillimanite þ ilmenite þ quartz þ melt defining the peak-M 2 stage of association A. This peak assemblage is corundum-free, which was stabilized by increasing the temperature of a corundum-bearing assemblage. This transformation occurred through a 200 C temperature window where both corundum and quartz are absent, as demonstrated in the case of association B. Interestingly, K-feldspar is not a stable phase in the peak assemblage (Fig. 10) although it is physically present in association A. This suggests that although K-feldspar was produced as a peritectic phase [reaction (1)] during the prograde stage, it shows a metastable relation with the peak assemblage. The peak-M 2 assemblage of garnet þ spinel þ sillimanite þ ilmenite þ quartz þ melt stabilizes at c. 1000 C, assuming a pressure of 8 kbar. It is important to note that the biotite-out curve would shift towards higher temperature if the effect of F is considered (Dooley & Patiño Douce, 1996; Bose et al., 2005) .
Both associations A and B produced M 2R assemblages as a result of cooling from the peak-M 2 stage, albeit with a variety of minerals and textural modes. Coronae of Sil 3 and Grt 2 around Spl 1 -Ilm 2 [reaction (5)] provide the evidence for cooling. Coronae of Grt 2 around Sil 2 and the presence of Crn 2 in Spl 1 and Grt 1 [reaction (8)] also corroborate this. On further cooling, a Bt-bearing assemblage is produced in association A owing to rehydration during the late M 2R stage. Results of the phase diagram modelling demonstrate a heatingdominated prograde dP/dT path followed by a coolingdominated retrograde P-T trajectory. Sengupta et al. (1999) constructed a KFMASH petrogenetic grid involving corundum and quartz and showed that the stability of garnet-corundum-spinel-sillimanite occurs exclusively at pressure >P [Spr,Opx,Qtz] (i.e. above 7 kbar). Our results also show that the Grt 1 -Crn 1 -Spl 1 -Sil 2 stability field occurs only at high pressure (>8Á4 kbar, Fig. 10 ). Figure 10 also shows that the same assemblage can be stable up to $10Á2 kbar. Using phase diagram modelling, we demonstrate that the aluminous granulite evolved along a P-T path, which remained isobaric during the prograde and the retrograde stages and must lie above 8Á4 kbar. However, the maximum stability of the prograde assemblage may shift up to $900 C owing to the high F content of biotite.
FLUID INCLUSION STUDY
Fluid inclusions are present in all the rocks used in the study but their population is not high. These inclusions occur as small clusters within the host crystals and their abundance does not vary appreciably across the rock types. We have selected four samples for fluid inclusion analysis. The samples of the aluminous granulite (PH 10A), the felsic gneiss (PH 10GM) and the coarsegrained charnockite (PH 10C) were collected from the north-south-trending ductile shear zone (Fig. 3) . Another sample of the felsic gneiss (PH 40) was collected from the marginal part of the same shear zone where the intensity of shearing is less prominent. All the analysed data are presented in Table 5 .
Aluminous granulite (sample PH 10A)
Fluid inclusions are present within quartz, sillimanite and garnet. Almost all the measurable inclusions are primary, although a few pseudosecondary inclusions are also present. Primary inclusions are small (5-10 lm along the maximum dimension), oblong augen type, although a few are irregular (Fig. 11) . These are either locally concentrated or disseminated within the host grain. Pseudosecondary inclusions are even smaller (1-2 lm along the maximum dimension). Some secondary trail-bound inclusions transgress grain boundaries but these are extremely small (<1 lm). Primary inclusions are of mono-phase liquid, whereas in a few cases, the pseudosecondary inclusions are bi-phase. Inclusions in quartz are abundant compared with other phases. For primary inclusions, the melting temperature (T m ) ranges between -57Á9 C and -61Á6 C (Fig. 12a) . The temperature of homogenization (T h ) for these inclusions could not be measured precisely. T m values for the pseudosecondary inclusions could not be determined because of their finer size, but one suspected pseudosecondary inclusion in K-feldspar yielded a T h value of
27Á2
C. Raman spectral characters show strong bands at 1277 and 1380 cm -1 (Fig. 12b) , indicating the presence of CO 2 in the mono-phase fluid.
Coarse-grained charnockite (sample PH 10C)
Fluid inclusions are present within K-feldspar, quartz and garnet. Almost all the measurable inclusions are primary and of variable size (2-20 lm maximum), and are circular to oblong type (Fig. 11a) . These are locally concentrated or disseminated within the host grain. Primary inclusions are mono-phase and are distributed as clusters within garnet and feldspar grains. The estimated T m for the inclusions varies within the range -57Á4 C to -59Á2 C (Fig. 12c ) and the calculated density Area marked by the dashed lines demarcates the mineral assemblage of association A. The biotite-out curve can shift by up to $900 C if the F content of biotite is considered. P-T path (line with arrow) showing the transformation from corundum-bearing (pre-M 2 mineral assemblage under the area marked by vertical lines) to quartz-bearing (peak-M 2 mineral assemblage under the area marked by dashed line) assemblages through both corundum-and quartz-absent mineral assemblage during prograde metamorphism similar to association B. It should be noted that the garnet-corundum-spinel-sillimanite bearing pre-M 2 assemblage (area marked by vertical lines) is stable above $8Á4 kbar pressure. The constructed P-T path has a nearly flat dP/dT slope along both the prograde and the retrograde stages.
ranges between 0Á82 and 1Á00 g cm -3 . One suspected pseudosecondary inclusion in garnet gave a T m of 58Á7 C. T h values for the primary inclusions range between 22 C and -18 C, and the suspected pseudosecondary inclusion gave T h of 21 C (Fig. 12d) . The calculated density of this inclusion is 0Á76 g cm -3 . The isochores of the primary and the secondary inclusions are presented in Fig. 13a . Raman spectral characters show strong bands at 1284 and 1386 cm -1 (inset to Fig. 12d ), implying the presence of CO 2 in the mono-phase fluid. A lowintensity band at 2331 cm -1 indicates the presence of N 2 . Of the nine analysed inclusions, one primary inclusion in garnet showed a Raman band from 3625 to 3655 cm 
n.d., not determined. 
Felsic gneiss (samples PH 10GM and PH 40)
In the sheared variety of the felsic gneiss (sample PH 10GM), fluid inclusions are present within K-feldspar, quartz and garnet. These inclusions are primary with variable sizes (2-20 lm maximum) and shapes (Fig. 11b) . These are mono-phase and are distributed as clusters within garnet, quartz and K-feldspar grains. Estimated T m varies within the range -58Á2 C to -59Á2 C (Fig. 12e) with a calculated density range of 0Á90-1Á02 g cm -3 . T h values vary between 7Á6 C and -17Á8 C (Fig. 12f) , with the suspected pseudosecondary inclusion yielding T h of 7Á6 C. The calculated density of this inclusion is 0Á88 g cm -3 . Isochores calculated from the inclusions are shown in Fig. 13b . Raman spectral characters show strong bands at 1282 and 1386 cm -1 (inset to Fig. 12f ) with a minor band at 2324 cm -1 , indicating the presence of CO 2 (þ minor N 2 ) in the monophase fluid. The presence of minor CH 4 (2943 cm -1 ) was noted in a few cases.
In the felsic gneiss sample collected away from the shear zone (sample PH 40), fluid inclusions occur within K-feldspar, quartz and garnet, showing variation in size (up to 20 lm in garnet and up to 40 lm in quartz) and shape (Fig. 11c) . Those inside K-feldspar are usually finer and could not be measured. A few inclusions show negative crystal shapes. Primary inclusions are mono-phase and are distributed as clusters within garnet, quartz and feldspar grains. One inclusion in quartz shows the presence of mono-phase vapour. Estimated T m for the inclusions varies from -59Á7 C to -57Á7 C (Fig. 12g) . The mono-phase vapour inclusion shows T m and T h values of -58Á2 C and 19Á7 C, respectively. T h values for inclusions within quartz vary from 5Á2 C to -19Á0 C, whereas those in garnet show a wider range (-2Á7 C to 22Á5 C; Fig. 12h ). The calculated density of the primary inclusions ranges between 0Á89 and 1Á03 g cm -3
. Pseudosecondary inclusions within garnet have T m of -57Á8 C, whereas T h varies in the range 18Á7-22Á5 C. The calculated density of such pseudosecondary inclusions varies within the range 0Á74-0Á79 g cm -3
. Isochores of the fluid inclusions are presented in Fig. 13c . Raman spectra show strong bands at 1282 and 1386 cm -1 (inset to Fig. 12h ), indicating the presence of CO 2 in the mono-phase fluid. Minor bands at 2348 and 3651 cm -1 suggest the presence of N 2 and H 2 O, respectively.
DISCUSSION
P-T-fluid evolution of the aluminous granulite and the associated rocks
Integration of field, textural and thermobarometric data suggests that the Si-undersaturated aluminous granulite underwent UHT metamorphism (M 2 at $1000 C, 8-8Á5 kbar) followed by near-isobaric cooling (M 2R ) (down to 680 C) along a near-isobaric prograde and retrograde path (Fig. 14) . Porphyroblastic corundum appeared within the assemblages by biotite dehydration melting and stabilized with porphyroblastic garnet, spinel SS and/or K-feldspar. The earliest planar fabric (S 1 ) is present only within the porphyroblastic phases of the aluminous granulite and resulted from the D 1 deformation, possibly at amphibolite-facies conditions (M 1 ). Phase diagram modelling shows that the garnet þ corundum assemblage appeared during the prograde pre-UHT (pre-M 2 ) conditions and was replaced by the quartzbearing assemblages at peak UHT conditions (M 2 ). This pre-M 2 to peak-M 2 metamorphic stage broadly coincides with the development of the regional S 2 /S 3 fabric (D 2 /D 3 deformation stages). The switch-over from a quartz-poor assemblage (pre-M 2 ) to a quartz-bearing assemblage at the peak metamorphic conditions (M 2 ) was controlled by progressive heating. Near-complete removal of the melt generated during prograde metamorphism of the aluminous granulite played a key role in preserving the UHT assemblages. However, traces of melt ($10 modal %) were possibly preserved to form the K-feldspar-and biotite-bearing assemblages (association A). Pressure-temperature data estimated from the associated calc-silicate granulite also indicate attainment of >800 C temperature at the peak-M 2 metamorphic stage. The appearance of sillimanite þ garnet coronae over spinel (aluminous granulite) and garnet coronae over scapolite, clinopyroxene, plagioclase and wollastonite (calc-silicate granulite) suggests an event of near-isobaric cooling (M 2R ) from the peak. The garnet (with intergrown quartz) coronae over orthopyroxene and ilmenite against plagioclase in both varieties of charnockite also indicate cooling from a temperature >800 C. All these rocks thus witnessed a prominent stage of near-isobaric cooling following the peak metamorphism. Fluid inclusion data from representative samples reveal that all the rocks equilibrated with a CO 2 -rich fluid during the peak metamorphism. The mole fraction of CO 2 (X CO2 ) was calculated for all the fluid inclusions using the model of Huizenga (2005) . Although the model of Huizenga (2005) is used to calculate the mole fractions of fluid in rocks containing graphite (a CO2 ¼ 1), the X CO2 value is always close to 1Á0 at a temperature of $1000 C, irrespective of the assumed a CO2 value. The primary fluid inclusions in the coarse-grained charnockite are also CO 2 -rich. Because the coarse-grained charnockite was emplaced subsequent to the M 2 stage (post-UHT), this implies that CO 2 -rich fluid was present even after the UHT metamorphism. The lower density of the pseudosecondary fluid inclusions in some samples indicates that entrapment of these inclusions occurred during upliftment of the cooled lower crust.
The dominance of CO 2 -rich fluid throughout the evolutionary history of the granulite suite indicates sustained high-temperature conditions in the lower crust. Under such conditions, retrograde reactions would be sluggish to produce fine coronae textures on the porphyroblastic phases. Similar CO 2 -rich fluid inclusions have been noted from many HT/UHT granulite terranes (Cuney et al., 2007; Tsunogae & van Reenen, 2007; including the EGB (Mohan et al., 1997; Sarkar et al., 2003; Bose et al., 2009) . The absence of H 2 O-rich fluid inclusions in almost all the HT/UHT terranes suggests that H 2 O was lost from the rock system during progressive metamorphism, either as fluid phase or partitioned into the anatectic melt at granulite-facies conditions. The melt, on the other hand, must be removed from the lower crust to preserve the HT/UHT mineral assemblages . Traces of N 2 , CH 4 and H 2 O species in the fluid inclusions in the studied rocks indicate possible entrapment of these species at shallower levels (van den Kerkhof et al., 2014) . In this connection, it is important to note the brine (NaCl-rich) component of the aqueous fluid found in many granulites (Touret, 2001) . Although it is argued that the original chemistry of the aqueous fluid inclusions is seldom maintained during the uplift of the lower crust (reviewed by van den Kerkhof et al., 2014) , there are reports of primary brinerich fluid inclusions (Fu et al., 2003) . Brine solutions are capable of controlling the chemical potentials of alkali elements and large ion lithophile elements (Harlov et al., 2006) . In the studied samples, however, no evidence of brine or NaCl crystals is noted in any fluid inclusion.
Another important feature of all the fluid inclusions is the wide variation of the melting temperature (T m from -56 C to -61 C), which implies the presence of fluid species other than CO 2 . In some of the cases, Raman bands of CH 4 and N 2 species have been identified. Hall & Bodnar (1990) theoretically demonstrated that the depression of the T m of pure CO 2 in fluid inclusions may occur during uplift of the deeper crust when diffusive addition of H to the peak metamorphic fluid inclusion (CO 2 ) causes concomitant reduction of CO 2 to CH 4 and H 2 O. This model is valid for lower crustal rocks undergoing metamorphism under low f O 2 (6 1 FMQ, where FMQ is fayalite-magnetite-quartz buffer) conditions and no graphite daughter crystals present in the fluid cavities. In such a case, the rock system no longer remains closed during uplift (Hall & Bodnar, 1990) . Such post-entrapment modification can be inferred from a change in physical properties of the primary inclusions. These changes include modification of the shape of the fluid cavities such as the occurrence of negative crystals and the change in fluid densities from 1Á03 g cm -3 down to 0Á76 g cm -3 . This change in fluid densities is presented in the constructed isochores for three samples (Fig. 13) . Primary fluid inclusions in all of the samples imply their entrapment at a pressure of 4Á5-7Á5 kbar and a temperature $1000 C (Fig. 13) . These values are lower than the pressure estimated from conventional barometers and phase diagram modelling ($ 8-8Á5 kbar), indicating modification of the fluids during uplift.
The source of CO 2 within the lower crust is debatable (Touret & Huizenga, 2011; . CO 2 can be sourced internally (Touret, 1971; Hollister, 1988; Cesare & Maineri, 1999; Cesare et al., 2005) during metamorphism. The presence of calc-silicate rocks in the Phulbani domain can be considered as a possible source of internally produced CO 2 . On the other hand, CO 2 fluid may come from external sources (e.g. the mantle) during crystallization of basic rocks in the lower crust (Touret, 1992; Santosh & Tsunogae, 2003) . We have not found such rocks in the study area, but the possibility of their occurrence below the present surface level cannot be ruled out. The relationship between CO 2 infiltration or flushing and HT/UHT metamorphism has been extrapolated to the scale of global carbon recycling and evolution of the tectosphere (Santosh & Omori, 2008) . It has been speculated that UHT rocks might represent windows for transferring CO 2 from the mantle to the crust and eventually to the atmosphere during the supercontinent cycle (Santosh & Omori, 2008; .
Si-undersaturated and Si-saturated mineral assemblages
The aluminous granulite shows contrasting mineral assemblages of Spl 2 -Crn 1 -Grt 1 and Spl 1 -Sil 2 -Qtz during the course of progressive metamorphism. The peak metamorphic assemblage of Spl 1 (low-Zn) þ Spl 2 þ Qtz þ Grt 1 þ Sil 2 was stabilized at temperatures of $1000 C and at 8-8Á5 kbar pressure (Figs 9b and 10) . The presence of Grt 2 þ Sil 3 coronae over Spl 1 and Spl 2 , Grt 2 around Sil 2 , and granules of Crn 2 within Grt 2 and Spl 1 / Spl 2 could result from near-isobaric cooling. The prograde and retrograde paths are almost isobaric as shown in the FMASTMnO and the NCKFMASHTMnO phase diagrams (Figs 9b and 10 ). Textural evidence shows that Spl 1 , Ilm 2 , Grt 1 and Crn 1 in both of the mineral associations appear as a result of dehydration melting. The occurrence of corundum (Crn 1 )-bearing and quartz-bearing assemblages in the same rock indicates preservation of two stages of progressive metamorphism. Porphyroblastic Crn 1 and Grt 1 (both having Sil 1 inclusions) are found to coexist in all the associations, although their coexistence is rare (Dharmapriya et al., 2015) . This garnet þ corundum association is indicative of high-pressure and high-temperature conditions for Mg-rich bulk compositions (Osanai et al., 1998; Kelsey et al., 2006; Shimpo et al., 2006) . For pyroxene-free assemblages, the composition of garnet provides crucial indication of the pressure of metamorphism. Shimpo et al. (2006) reported garnet þ corundum-bearing rocks from the Palghat-Cauvery shear zone of Southern India and demonstrated that the rocks might have undergone eclogite-facies metamorphism for garnet and corundum to coexist. In a direct response, Kelsey et al. (2006) argued that the two phases may coexist well below eclogite-facies conditions if the bulk composition is Ferich. The phase diagram modelling in the present study simply confirms the argument of Kelsey et al. (2006) .
The coexistence of porphyroblastic corundum and quartz is reported in both of the associations of the studied aluminous granulite. Notably, in all instances, these two minerals are separated from each other by sillimanite and/or garnet coronae. When only sillimanite coronae occur between corundum and quartz (Fig. 7a) , the coexistence may be considered metastable. However, a double corona (Fig. 7b) separating corundum and quartz suggests a non-equilibrium relationship between the latter phases. It is known that corundum and quartz never coexist stably over the entire P-T range of the crust as well as the lithospheric mantle (Berman, 1988; Shulters & Bohlen, 1989; Harlov & Milke, 2002; Harlov et al., 2008; Kihle et al., 2010; Kato et al., 2011) , which is also confirmed in the present study. Interestingly, Shaw & Arima (1998) reported mineral assemblages similar to the present one from the Raygada area of the EGB and interpreted that the two phases coexisted stably in aluminous granulite owing to ultrahigh-pressure (UHP) metamorphic conditions. The argument of Shaw & Arima (1998) was based on the calculated equilibrium of Anovitz et al. (1993) contradicting internally consistent thermodynamic data (Berman, 1988; Gottschalk, 1997; Holland & Powell, 1998 ) that do not allow corundum and quartz to become a stable mineral assemblage (Harlov & Milke, 2002; Harlov et al., 2008) . Later studies found the interpretation of Shaw & Arima (1998) problematic, as no other exclusive evidence of UHP metamorphism was found in their rock (Dasgupta & Sengupta, 2003) .
Despite this debate, corundum and quartz have been described from many regional granulite terranes and the two minerals coexist metastably in a variety of P-T conditions (Mouri et al., 2003; Kihle et al., 2010; Kato et al., 2011) . Harlov et al. (2008) experimentally showed that the two minerals can coexist metastably over long geological time scales and the occurrence of any other mineral (particularly sillimanite) at the interface of these two will be augmented by the activity of an aqueous fluid (H 2 O and/or brine). In the present case, the fluid chemistry during the peak metamorphic and subsequent cooling stage was dominated by CO 2 , which has a very small role in the diffusive transfer of elements, even at UHT conditions (Harlov et al., 2008) . As a result, the metastability between corundum and quartz could have lasted for a long time. However, Raman spectral bands from a few inclusions imply a minor amount of H 2 O species. Although the bulk of the partial melt may have left the system, the minute fraction left in the system (such as in association A) would eventually crystallize and release H 2 O. This H 2 O could have been instrumental in facilitating the production of sillimanite at the interface of corundum and quartz. The absence of H 2 O fluid species in the inclusions can be caused by its selective leakage during crustal uplift as described in many terranes (Hollister, 1988 (Hollister, , 1990 Touret, 2001) .
Phase relations in the NCKFMASHTMnO system demonstrate the P-T conditions of the prograde metamorphic assemblages. The generation of large melt fractions en route to the peak metamorphism and subsequent melt loss caused effective removal of K-rich and H 2 O-rich phases from the system, which essentially transformed the NCKFMASHTMnO system to a simpler FMASTMnO system. After this melt loss and removal of K-and H 2 O-rich phases, no further addition of elements could occur in the aluminous granulite assemblages, which changes the system to a near closed one. The FMASTMnO phase diagram shows that corundum and quartz appeared in two different temperature windows during the prograde evolution. Two back-to-back reactions (i.e. Grt 1 þ Crn 1 ¼ Spl 2 þ Sil 2 followed by Grt 1 þ Sil 2 ¼ Spl 2 þ Qtz) are considered responsible for a shift in Si-saturation of the aluminous granulite at the peak UHT conditions from a pre-peak Si-undersaturated corundum-bearing assemblage. Shulters & Bohlen (1989) experimentally constrained the reaction garnet þ corundum ¼ spinel þ sillimanite, which has a moderate dP/ dT slope of 21 bar C -1 and is sensitive to change in both pressure and temperature. The reversal of this reaction can produce garnet þ corundum from spinel þ sillimanite as reported from the Highland Complex, Sri Lanka (Dharmapriya et al., 2015) . In the latter case, the garnet þ corundum assemblage was produced as a result of isobaric cooling at a pressure of $9Á5 kbar. In our samples, porphyroblastic garnet (Grt 1 ) and corundum (Crn 1 ) are significantly large in size and were produced during the prograde heating stage. However, granular and vermicular corundum within spinel and coronal garnet possibly formed during the post-UHT cooling stage. The formation of these fine corundum grains indicates that microdomainal Si-undersaturation also occurred during cooling, possibly owing to the sluggish nature of element mobility. Our calculated phase diagrams show that although corundum is reported from many UHT terranes (Horrocks, 1983; Osanai et al., 1998; Sengupta et al., 1999; Ouzegane et al., 2003) , it might not be stable at peak UHT conditions. Rather, it stabilizes during the prograde evolution of a Si-undersaturated Fe-rich pelitic bulk composition.
Si-saturation at UHT conditions from pre-UHT corundum-bearing Si-undersaturated assemblages has been previously reported (Goscombe, 1992; Kelsey et al., 2005) . Goscombe (1992) used the petrogenetic grid of Hensen (1987) to show that both prograde and retrograde varieties of corundum were stable without any definitive evidence of peak metamorphic corundum owing to the existence of a corundum-absent invariant point at high temperature. From the relationship between the calculated Si-saturated and Siundersaturated FMAS equilibria, Kelsey et al. (2005) noted that quartz-and corundum-bearing equilibria are linked via a set of quartz þ corundum-absent univariant reactions emanating from both corundum-and quartzabsent invariant points. This is also evident in a system close to FMAS, where quartz can be produced with spinel (or sapphirine in more Mg-rich compositions) if the tie-lines involving the assemblages garnet þ sillimanite and orthopyroxene þ sillimanite are crossed, resulting in transformation to a quartz-present assemblage from a number of quartz-absent assemblages in the course of prograde metamorphism (Bose et al., 2000) . McDade & Harley (2001) encountered a similar situation in their theoretical KFMASH petrogenetic grid in which quartzabsent invariant points are found to be metastable at the higher temperature side of the grid and quartz becomes part of the stable mineral assemblages, although they did not consider corundum in their grid. In a comprehensive summary, Kelsey et al. (2005) showed that in many natural occurrences, corundum appeared in the early stages of high-temperature metamorphism and was eventually overprinted by spinel-and sapphirine-bearing assemblages during further heating. Those researchers also noted that Si-undersaturated mineral assemblages often switch stability from low-Si to high-Si fields during the prograde stage and vice versa to produce a multitude of reaction textures involving corundum, sapphirine and spinel. Some rocks also belong to a 'silica-influenced transition zone', which lies between the corundum-absent and quartz-absent invariant points in the petrogenetic grids. All of the above studies suggest that a Si-understaurated rock may transform to a Si-saturated one and produce quartzbearing mineral assemblages during progressive metamorphism even without any addition of externally derived Si. Kelsey et al. (2005) discussed the implications of the presence of quartz in Si-undersaturated bulk compositions and identified four possible reasons for its presence: (1) quartz occurs as inclusions and is totally removed from the matrix during prograde reaction; (2) quartz appears owing to progressive change of the assemblage from quartz-absent fields to quartz-present fields; (3) quartz appears as a late phase with feldspar as a part of crystallized melt that can enter the rock during the post-metamorphic stage; (4) quartz may be retained at the microdomain-scale owing to sluggish reaction kinetics in an otherwise Si-undersaturated rock. Of these, we consider the second reason as the primary factor for the occurrence of quartz in the corundum-bearing aluminous granulite. The reason behind the shift from quartz-absent, corundum-bearing assemblages to corundum-absent and quartz-bearing assemblage is the progressive reaction during heating of the lower crust through a temperature window of $850 to $950 C (Fig. 10) . The occurrence of thick quartz and K-feldspar leucosome layers surrounding the aluminous granulite must have provided additional quartz surrounding the Si-undersaturated domains, which justifies reason (3) of Kelsey et al. (2005) .
Regional implication
The style of metamorphism as revealed in the P-T evolution of the granulites of the Phulbani domain shows similarity to that of the adjacent Visakhapatnam domain. Most of the UHT occurrences in the Visakhapatnam domain are characterized by an anticlockwise P-T path with a cooling-dominated retrograde trajectory (Sengupta et al., 1990; Dasgupta et al., 1995; Pal & Bose, 1997; Mukhopadhyay & Bhattacharya, 1997; Das et al., 2011; Korhonen et al., 2013a) . The Phulbani granulite suite shows a near-isobaric prograde and retrograde P-T history involving pronounced isobaric cooling after the UHT peak metamorphism. This is similar to the P-T path reported from the central part of the Visakhapatnam domain (Bose et al., 2000) . It is important to note that the Chilka Lake domain of the EGB, which was included within isotopic Domain 3 of Rickers et al. (2001) , bears the signature of a decompressiondominated retrograde P-T path, apparently at a later geological time (Bose et al., 2016) , which is completely different from the studied rocks of the Phulbani domain. Therefore, the subdivision of the Eastern Ghats Province by Dobmeier & Raith (2003) into several domains appears problematic. The Phulbani domain thus shows similarities to the Visakhapatnam domain, albeit with the existence of the Nagavalli-Vamshadhara shear zone between these two domains (Fig. 1) . The latter has been identified from satellite imagery with limited field evidence (Chetty et al., 2003; Saha & Karmakar, 2015) . Saha & Karmakar (2015) presented petrological and structural data for granitoids and paragneissic rocks from one locality of this shear zone and invoked a transpressive tectonic setting. Except for sporadic Sm-Nd mineral isochron ages of c. 800 Ma, interpreted as the age of granite emplacement and associated metamorphism (Shaw et al., 1997) , no proper geochronological study has been carried out in this terrane. Therefore, it is not possible to evaluate the role of this shear zone as a terrane boundary. Our study shows that the Phulbani and the Visakhapatnam domains possibly evolved together in a similar style. This problem of continental and trans-continental reconstruction will be further discussed in detail with geochronological data from the Phulbani domain (Ganguly et al., in preparation) . The P-T histories of the other three northern domains of the Eastern Ghats Province (namely, the Rampur, Tikarpara and Khariar domains) remain unconstrained and therefore it is not possible to evaluate their ancestries in the present context.
CONCLUSIONS
(1) Reaction textures, thermobarometric and phase equilibria data from the aluminous granulite of the Phulbani domain suggest a near-isobaric prograde and retrograde P-T evolution of the lower crust with UHT peak metamorphism (c. 1000
C at 8-8Á5 kbar) followed by isobaric cooling (Fig. 14) . During prograde metamorphism, quartz appeared through reactions involving corundum in Si-undersaturated bulk-rock compositions. The changeover from the corundum þ garnet-bearing early assemblage to spinel þ quartz-bearing peak UHT assemblage was driven by prograde heating.
(2) Evidence of UHT metamorphism and subsequent cooling are present in the associated calc-silicate granulite, coarse-grained charnockite and fine-grained charnockite gneiss. The coarse-grained charnockite was emplaced during the post-D 3 stage of deformation, but close to the peak-M 2 metamorphic stage. Both varieties of charnockite experienced the post-M 2 (M 2R ) cooling down to 681-770 C at 6Á2-6Á8 kbar. (3) A CO 2 -rich fluid phase was present throughout the evolution of the lower crust, encompassing UHT metamorphism, charnockite emplacement and subsequent cooling. Such a CO 2 -rich fluid possibly caused limited access of aqueous fluid during the retrograde evolution of the lower crust and preservation of the UHT assemblage.
(4) The deduced P-T history of the Phulbani domain closely resembles that of the adjacent Visakhapatnam domain of the Eastern Ghats Province, posing questions as to the nature of the boundary separating these two domains.
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